The response of free-swimming Rhodobacter sphaeroides to increases and decreases in the intensity of light of different wavelengths was analyzed. There was a transient (1 to 2 s) increase in swimming speed in response to an increase in light intensity, and there was a similar transient stop when the light intensity decreased. Measurement of changes in membrane potential and the use of electron transport inhibitors showed that the transient increase in swimming speed, following an increase in light intensity, and the stop following its decrease were the result of changes in photosynthetic electron transport. R. sphaeroides has two operons coding for multiple homologs of the enteric chemosensory genes. Mutants in the first chemosensory operon showed wild-type photoresponses. Mutants with the cheA gene of the second operon (cheA II ) deleted, either with or without the first operon present, showed inverted photoresponses, with free-swimming cells stopping on an increase in light intensity and increasing swimming speed on a decrease. These mutants also lacked adaptation. Transposon mutants with mutations in cheA II , which also reduced expression of downstream genes, however, showed no photoresponses. These results show that (i) free-swimming cells respond to both an increase and a decrease in light intensity (tethered cells only show the stopping on a step down in light intensity), (ii) the signal comes from photosynthetic electron transfer, and (iii) the signal is primarily channelled through the second chemosensory pathway. The different responses shown by the cheA II deletion and insertion mutants suggest that CheW II is required for photoresponses, and a third sensory pathway can substitute for CheA II as long as CheW II is present. The inverted response suggests that transducers are involved in photoresponses as well as chemotactic responses.
Rhodobacter sphaeroides is a facultative, photoheterotrophic, purple nonsulfur bacterium, a member of the ␣-subgroup of gram-negative bacteria. It swims by using a single, unidirectionally rotating, subpolar flagellum (1) . It responds to a wide range of metabolites, terminal electron acceptors, and light. The most obvious response to a change in stimulus is a transient stop following the removal of an attractant (17, 18) .
In Escherichia coli, chemoeffectors bind to transmembrane chemoreceptors and signal via a single phosphorelay pathway to the flagellar motor (6, 16) . The phosphorelay pathway comprises CheW, CheA (a histidine protein kinase), and CheY (a response regulator which binds to the flagellar switch). A second set of proteins are involved in signal termination and adaptation: CheZ, which increases the rate of CheY-P dephosphorylation, and CheB and CheR, methyl esterase and transferase enzymes involved in resetting the signalling state of the receptor. In addition to the chemoreceptors, there is an additional receptor protein, Aer, a flavin adenine dinucleotide binding membrane protein, which appears to respond to alterations in the rate of respiratory electron transport and signal via the phosphorelay system to the motor (2, 5, 20) .
R. sphaeroides has a more complex sensory system, with two operons containing multiple copies of the chemosensory genes. Together, the operons contain two cheA, three cheY, three cheW, and two cheR homologs and one cheB homolog (10) . No copies of cheZ have been identified. Deletion of the first operon results in only minor changes in the response to sugars, while mutations in the second operon result in changes in response to all chemoattractants, particularly to organic acids, the principal attractants of R. sphaeroides. When the behavior of tethered cells was examined, it was found that mutants in the second operon still responded to organic acids, but the response was inverted and showed no short-term adaptation (10) .
Previous experiments have shown that the step-down responses of tethered cells to changes in the concentration of terminal electron acceptors and to light shown by R. sphaeroides are not the result of a change in ⌬p, the electrochemical proton gradient, but are probably signalled by a change in the rate of electron transfer (8) , possibly via an Aer homolog (20) . There is a great deal of evidence that the response to changes in light intensity correlates with a change in the electron transport rate (9) . Some photosynthetic species have been shown to show an additional repellent response to increases in the intensity of blue light, with the increase in blue light resulting in the cells stopping or reversing. The wavelengths avoided by Ectothiorhodospira halophila are the same as those absorbed by the photoactive yellow protein, PYP, a coumaric acid-containing photoactive protein (18) . This protein has now been found in several nonhalophilic species, and it has been suggested that this may play a role in the avoidance of damaging light by these species (21) .
In this study, we examined the responses of free-swimming R. sphaeroides cells to short and long flashes of light of different intensities and examined the role of electron transfer and the different chemosensory genes in those responses.
MATERIALS AND METHODS
Strains and growth conditions. R. sphaeroides WS8N, a spontaneous nalidixic acid-resistant mutant of WS8, and chemotaxis and phototaxis mutants were grown photoheterotrophically to early log phase in succinate medium as previously described, with antibiotics added as required in the following concentrations: nalidixic acid, 20 g ml
Ϫ1
; and kanamycin, 25 g ml Ϫ1 (10) . The mutants chosen for study were JPA 203, which has operon 1 deleted and a Tn5 insertion into the cheA gene of the second operon (cheA II ); JPA 211, which has an in-frame deletion of cheA II ; and JPA 215, which has both operon 1 and cheA II deleted in frame (10) . Cells were grown at three different intensities to the same optical density. High-light grown cells were grown at 200 M m Ϫ2 s Ϫ1 , normallight-grown cells were grown at 50 M m Ϫ2 s
, and low-light-grown cells were grown at 8 M m Ϫ2 s Ϫ1 . Cells were harvested and washed once before being resuspended in 100 ml of 10 mM N 2 -sparged Na-HEPES (pH 7.2) containing 50 mg of chloramphenicol ml
. The bacteriochlorophyll content of the cells was determined spectrophotometrically after solvent extraction (7:2 acetone-ethanol) (4) .
The effects of different concentrations of the inhibitors myxathiazol, antimycin A, and carbonyl cyanide 4-trifluoromethoxyphenylhydrazone (FCCP) on the photoresponses and the membrane potential were measured after a minimum incubation of 5 min.
Motility measurement. Cells in anaerobic HEPES buffer were drawn into optically flat microslides (0.05-mm diameter; Camlab., Cambridge, United Kingdom) and sealed with Vaseline. The slides were placed on the stage of a Nikon Optiphot microscope and incubated at a light intensity of 4 M m Ϫ2 s Ϫ1 for at least 5 min before measurements were started. The photostimulus was given via a shuttered light source with transmission filters (432 Ϯ 20 nm for blue light and 880 Ϯ 20 nm for far-red light, with 70% peak transmission). Cells were monitored via a CCD camera (Sony Hyperhad SPT-M108CE) with ϫ100 and ϫ5 magnification lens. A yellow (transmission, 500 to 900 nm) filter was inserted in front of the camera to stop interference by the stimulating light. The low light intensity made computerized motion analysis difficult; therefore, the speed of individual cells was analyzed manually. At least 10 cells were analyzed manually for 7 s per cell by recording the images on videotape and tracing the tracks onto acetate sheets, and the results presented are the average of a minimum of three experiments. The swimming speed of R. sphaeroides is more variable than those of the majority of bacterial species studied, possibly as a result of the single flagellum, making the standard error fairly large. The results are, however, statistically significant. To analyze the mean speed of a population of cells during 30 s of exposure to light, the Seescan motion analysis system (Seescan, Cambridge, United Kingdom) was used as described previously (19) . At least 100 cells were analyzed during each experiment.
Membrane potential measurements. Membrane potential was determined by measuring the electrochromic bandshift of the membrane-bound carotenoid pigments by using a DW2000 dual-wavelength spectrophotometer (SLMAminco) (3). Photosynthetic stimulation was achieved by illumination at 90°with light at either 432 Ϯ 20 nm or with a near-infrared transmission filter (Kodak Wratten 88A).
Genetic techniques. The mutants used in this study were all isolated by transposon mutagenesis in the phototaxis screen described previously (10) . The transposon insertion sites of the different mutants were identified by shotgun cloning of EcoRI fragments into pUC18 and selection of ampicillin-and kanamycinresistant colonies. The DNA flanking Tn5 was sequenced by using Tn5SEQ primers with an ABI377 automated sequencing facility with dye terminators and universal primers.
RESULTS

Photoresponse of normal-light cells. Cells grown under normal light intensity (50
) and then incubated in very low light (4 M m Ϫ2 s Ϫ1 ) showed a marked increase in swimming speed during a step up in light intensity of 1 M m Ϫ2 s Ϫ1 . This increase occurred at all wavelengths tested. Figures 1A and C show the response of free-swimming cells to a 1-s flash of white light and 432-nm blue light, respectively. There was an increase in speed from an average of 25 m s Ϫ1 to an average of 44 m s Ϫ1 during the flash. At the end of the flash, when the light intensity returned to the low incubation level, all of the cells stopped transiently before a gradual return to the prestimulus swimming speed. Figures 1B and D show the behavior of the population of free-swimming cells in response to a sustained, 30-s increase in white or blue light. The increase in intensity was 25% over the incubation intensity, and all of the cells responded with an increase in speed, the response taking 1 to 2 s. The increase in swimming speed was transient, the cells returning to their prestimulus speed within a few seconds, suggesting the increase in speed was not the result of a longterm change in ⌬p, but a response followed by adaptation. When the light was switched off, there was a transient stop followed by a return to prestimulus swimming. The results are the average of three experiments with about 100 cells per experiment. As shown in Fig. 1E and F, the length of time taken for an individual cell to stop after the light was removed varied between about 300 and 400 ms and the duration of the stop also varied. The results are the average of the swimming speed measured by motion analysis with time, and the apparent slow swimming is the result of the spread in response times within the population. Direct observation suggested that all of the cells in the population did stop. Previous data suggest that incubation at these light intensities maintains the ⌬p above that required to saturate a motor of free-swimming R. sphaeroides (11) .
Most of these experiments were carried out by using, for stimulation, a low-intensity flash of 432-nm blue light, but in all cases, identical results were seen with pulses of broad-spectrum white light (Fig. 1A and B) or far-red light (data not shown). At these intensities, this strain of R. sphaeroides did not show a repellent response to blue light, but the light was shown to increase photosynthetic electron transport (see below).
Effects of electrochemical uncoupler and photosynthetic electron transport inhibitors. It has already been reported that R. sphaeroides responds to electron transport effectors (light, oxygen, and dimethyl sulfoxide) and that this taxis is influenced by the relative activities of the different electron transport pathways (8, 9) . Moreover, recent data show how the response to a step down in light intensity is greatly reduced by inhibitors affecting the photosynthetic electron flow (9) . Previous studies concentrated on tethered cells. This study focused on the connection between electron transport and motility in free-swimming cells.
Because light directly affects the magnitude of ⌬p, experimental conditions allowing the ⌬p to be maintained, but the rate of electron transport to change, were set up, and the responses of free-swimming cells were measured. Figure 2 shows the responses of free-swimming cells treated with antimycin A, myxothiazol, and FCCP to long and short pulses of light. The low concentrations used (antimycin A, 3 M; myxothiazol, 1 M; and FCCP, 10 nM), allowed a membrane potential of at least 70% of the untreated potential to be maintained, as measured by the carotenoid bandshift (data not shown) and previously reported (9) . Under these conditions, swimming continued normally. Higher concentrations did alter swimming behavior, but concentrations up to 60 M antimycin A, 10 M myxothiazol, and 200 nM FCCP were required to completely abolish the membrane potential. Antimycin A and myxothiazol are competitive inhibitors, acting on the cytochrome bc 1 complex and inhibiting electron flow. Both inhibited the response of free-swimming cells to a pulse of light (Fig.  2) . The free-swimming cells showed a normal response to a pulse of light, however, in the presence of the proton ionophore FCCP, although the unstimulated swimming behavior was "jerkier" than that of untreated cells (Fig. 2E and F) . Swimming speed increased in response to light increase, and the cells stopped when the light was removed, although the kinetics and strength of the population response were reduced.
The pulse of blue light did induce a carotenoid bandshift, although it was only about 60 to 75% of the size of that produced by an equivalent pulse of 850-to 880-nm-wavelength light. This showed that blue light at this wavelength and intensity was photosynthetically active.
Photoresponses of low-and high-light-grown cells. The photoresponses of cells grown at low (8 M m
Ϫ2 s Ϫ1 ) and high (200 M m Ϫ2 s Ϫ1 ) light intensities were measured, because differences in their light-harvesting pigments and electron transfer kinetics make their photosynthetic capabilities different (7). Low-light-grown cells showed no response to the increase in light intensity, but responded to the decrease in intensity. High-light-grown cells, however, showed very reduced motility when incubated at the background intensity of 4 M m Ϫ2 s Ϫ1 , but increased their speed initially to about 35 m s Ϫ1 , before settling to about 27 m s Ϫ1 , when the light intensity increased (Fig. 3) . The high-light-grown cells showed a stop response on the reduction in light similar to that seen with low-light-grown cells (Fig. 3A) . Interestingly, the cells must maintain a functional ⌬p for about 10 s after the step down, because they continued to swim at about 15 m s Ϫ1 before motility was lost. The photosynthetic electron transport rate of the low-light-grown cells was almost certainly saturated under the incubation conditions, hence, the lack of response to a step up in light (7). The step-down response on the return to the prestimulus intensity does, however, suggest that the increase in light intensity changed some aspect of photosynthetic electron transport, which caused a response when the light intensity was reduced back to the prestimulus level.
Behavior of chemosensory mutants. The involvement the Che proteins in photoresponses was investigated in mutants with deletions of genes in the first and second chemotactic operons of R. sphaeroides WS8N (10) . While cells with deletions of the first operon showed a wild-type photoresponse, cells with a Tn5 insertion in the cheA II gene (JPA 203) showed no photoresponse, whether or not the first operon was present (Fig. 4) . Mutants in which cheA II was deleted in frame in the presence (JPA 211) or absence of the first operon (JPA 215), however, showed an inverted response (Fig. 4B and C) , with the cells slowing down when the light intensity was increased and continuing to swim slowly during the period of the pulse, without any clear adaptation, but recovering their prestimulus behavior at the end of the pulse. The size of the response by both JPA 211 and JPA 215 to a pulse of light was not as large as that of the wild type and showed significantly slower kinetics on both the step up and step down in light.
These data suggest that while CheA II must be the primary route for photosensory signalling, but as with so many aspects of R. sphaeroides behavior, an alternative signalling pathway must be available. Five other phototactic mutants isolated in the mutant screen were analyzed. All of the mutants showed no response, and sequencing revealed that all had Tn5 inserted into the cheA II gene (data not shown). No mutations were found in any transducer homolog, perhaps suggesting that more than one transducer may be involved in redox sensing. The first operon could not substitute for the deletion of cheA II , because an inverted response was seen in deletion mutants with and without the first operon ( Fig. 4B and C) . The responses to photostimuli are the same as the inverted chemosensory responses seen in the cheA II deletion mutants (10) . As with wild-type cells, the addition of antimycin A and myxothiazol prevented any response to a pulse of light, while FCCP allowed an almost normal response (data not shown).
DISCUSSION
These data are consistent with the hypothesis that R. sphaeroides responds to a change in the rate of electron transport, the primary signal being transmitted via CheA II to the flagellar motor. Unlike previous studies using tethered cells, in addition to a transient stop when light was switched off, there was a transient increase in the apparent speed of free-swimming cells when the light intensity was increased, in all but cells grown under very low light. It is, however, possible that the change in speed is caused by suppression of very short stops, below the resolution of video rate, on a step up in light resulting in an apparent increase in speed.
Although the low-light-grown cells showed no response to an increase in light, they did respond to its reduction. This suggests that the rate of electron transport, although saturated in low-light-grown cells, probably did change when cells were moved into high light, and this new rate was reduced transiently on the step down, inducing a behavioral response. The loss of the response in cells treated with inhibitors of electron transport, but not in those treated with the proton uncoupler FCCP, supports the hypothesis that a change in electron transport rate generates the primary signal for the photoresponse (9) .
Although some photosynthetic bacteria show a repellent response to blue light (12) , this strain of R. sphaeroides did not. The carotenoid bandshift showed that the low intensities used here were photosynthetically active and caused a positive response. The repellent response requires much higher light intensities and may therefore use a different pathway (12) .
The complete loss of a response in mutants with a Tn5 insertion into cheA II compared to the inverted response of cells in which cheA II was deleted in frame is intriguing, but is similar to the effect on the chemoresponses of the same mutants, supporting the idea that there is a common signaling pathway (10). The Tn5 insertion would be expected to have a polar effect on downstream expression, while the in-frame deletion would not. A polar effect on downstream expression is supported by the observation that eight independent cheA II Tn5 mutants were isolated, and all showed the identical response and the obvious phenotypic difference between the transposon and deletion mutants. The in-frame deletion would therefore produce normal levels of CheW II , CheW III , CheR II , and CheB. The Tn5 insertion mutant would, on the other hand, have no or little CheW II and reduced levels of CheW III , CheR II , and CheB. The latter three proteins would be expressed from an internal promoter between cheW II and cheW III (16a) . The loss of the response in the insertion mutants suggests that CheW II may be required to signal a redox change from a transducer to CheA. The inverted response in the deletion mutants indicates that there must be yet another signalling pathway to the motor, because the response occurs in mutants lacking both CheA II and CheA I . Our inability to find any photoresponse mutants with Tn5 insertions in transducer homologs also suggests that there is more than one transducer signalling changes in electron transport to the chemosensory pathways. Recent hybridization studies suggest that R. sphaeroides may have as many as 12 mcp homologs, expressed under different growth conditions (11a) . Recent work with a related photosynthetic species, Rhodospirillum centenum, has shown that, in that species, there is only one common pathway signaling from chemoreceptors and photoreceptors to the motor (13, 14, 15) .
The inverted photoresponse may be the result of an imbalance in the adaptation pathway, again suggesting the involvement of transducers. There are several transducer and adaptation mutants in E. coli that show inverted responses, and it has been suggested that the inversion may be the result of overmethylation of the transducers sending an aberrant signal through CheA (22) . The role of methylation in R. sphaeroides behavior has not been established, but the deletion mutants lack both of the identified CheA phosphodonors required to phosphorylate, and thus activate, the esterase CheB. The methyl transferase, CheR II , would be expressed and be constitutively active, resulting in the transducers being overmethylated. The signal must, however, be sent through a third sensory pathway to the flagella, because both CheAs are absent.
It is clear from the studies of R. sphaeroides that environmental sensing in this species is extremely complex and involves the regulation of several pathways, not all of which have yet been identified. This study shows for the first time that, in this species, the photoresponse signals must be transmitted through one of the identified chemosensory pathways.
